The purpose of this study is to improve a two-fluid model applicable to gas-liquid two-phase slug flows in small diameter pipes. Experimental data on void fraction and frictional pressure drop were obtained for vertical upward slug flow in 5 and 9 mm i.d. circular pipes, and those on the interfacial friction force were obtained by substituting the above data into an equation derived from the one-dimensional two-fluids model. The test liquids were a Poly-oxy-ethylene lauryl ether water solution, a 72 wt% glycerin water solution and a tap water at 30 °C, while the test gas was air at near atmospheric pressure. In order to study the effects of liquid properties, surface tension of the test liquids against air was varied from 0.042 to 0.071 N/m, viscosity was 0.797 to 19.6 mPa·s, and density was 996 to 1184 kg/m 3 .
Introduction
Gas-liquid two-phase flow with phase change appears in heat exchangers, chemical reactors and so on. In recent years, the channels where two-phase flow appears tend to be miniaturized (1) . Furthermore, a variety of coolants having different properties have been developed in order to reduce the influence on the global environment by its use in the heat exchangers. The effects of liquid properties on two-phase flow characteristics have been studied by many researchers (2) - (6) . Hence, generally applicable correlations have been required to predict two-phase flow characteristics especially in small diameter pipes of 3 to 12 mm i.d. appearing compact heat exchangers, regardless of coolant types. The purpose of this study is to develop such correlations applicable to two-phase flows in vertical small diameter pipes, which is useful to predict accurately void fraction and frictional pressure drop by a one-dimensional two-fluids model. From our previous studies (7) - (9) , it has been clarified that the predictabilities of the void fraction and the frictional pressure drop by the two-fluids model greatly depend on that of the interfacial friction force. In addition, the interfacial friction force correlations in familiar two-fluids model codes include drag coefficient and interfacial area concentration. Thus, if constitutive equations of the drag coefficient and the interfacial area concentration were refined, the accuracy of the void fraction and the frictional pressure drop predictions will be improved. Although many studies on the interfacial friction force and/or the drag coefficient (12) - (14) in slug flow have been conducted analytically, there are few papers on the effects of liquid viscosity and surface tension in small diameter pipes. In this paper, the drag coefficient and the interfacial friction force have been studied for gas-liquid two-phase slug flow in vertical small diameter circular pipes of 5 and 9 mm i.d. In the experiment, in order to determine the effects of surface tension and liquid viscosity, a Poly-oxy-ethylene lauryl ether water solution, a 72 wt% glycerin water solution and tap water at 30 °C were used as the test liquids. Experimental data on the bubble diameter, the spatial and the time mean void fraction and the pressure drop were obtained, and the interfacial friction force and the drag coefficient for bubbles were determined by substituting the above data into equations derived from a one-dimensional two-fluids model. The above experimental data were used to examine familiar correlations of the drag coefficient for slug flow (10) , (11) . In addition, the drag coefficient correlation was newly developed and tested. The interfacial friction force predictions by some drag coefficient correlations were also examined against the present data. Results of above experiments and the examinations are described in this paper. Figure 1 shows the experimental apparatus used in this study. The test pipes were transparent circular ones of 5 and 9 mm i.d., made of acrylic resin. The lengths of entry, test and discharge sections for 5 mm i.d. pipe were proportional to those shown in Fig. 1 for 9 mm i.d. pipe. The test liquids were a tap water, a glycerin 72 wt% water solution and a poly-oxy-ethylene lauryl ether water solution (W, Gl and PLE for short, respectively), while the test gas was air at near atmospheric pressure. The temperatures of these liquids were controlled to be within 30 ± 1 °C, and the properties of them at 30 °C were listed in Table 1 . The viscosity of Gl is about 25 times, and the surface tension of PLE is about 0.6 times of that of water.
Nomenclature
The test liquid was fed from the separator at the top in Fig. 1 to an air-liquid mixer located at the bottom of the vertical test pipe with a centrifugal circulation pump. On the other side, air was supplied from a laboratory air source to the mixer. In the mixer, the air was radically introduced into the liquid stream through a number of small holes of 0.3 mm Fig. 1 Table 2 Experimental conditions i.d. Then, the slug flow made in the mixer flowed up through the test pipe to the separator. After the separation from the liquid, air was released to the atmosphere. Rotameters and turbine flowmeters with different measurement ranges were used to measure the volume flow rates of the air and the liquid within the accuracies of ± 3% and ± 2%, respectively. Paired ring electrodes in a constant current method, located at the both end of the test section, were used to measure the instantaneous cross-sectional-mean void fraction within the accuracy of ± 0.03. A set of needle contact probes, whose tip alone was uncovered by dielectric material, were located at the center of the test pipes and the midpoint of the test section. The probes were used to measure the respective lengths of the liquid slug and the large bubble, and one of it was used to discriminate the flow regime. A differential-type and a gauge-type pressure transducers were utilized to measure the total pressure gradient and the system pressure at the midpoint of the test section within the accuracies of ± 2% and ± 3%. These output signals were recorded by a personal computer through a data recorder in the sampling rate of 1000 Hz. Bubble diameter was measured from some pictures taken by a digital camera located at the midpoint of the test section. Table 2 lists the present experimental conditions. The ranges of liquid and gas volumetric fluxes, j L and j G , and the number of experiments for the respective parameters are shown.
Interfacial Friction Force and Drag Coefficient
The interfacial friction force per unit volume, F i , was evaluated by substituting the data of the pressure drop, dP/dz, the void fraction, α, and the system pressure, P SYS , into the following Eqs. (1) and (2) (7) :
where The drag coefficient, C D , was obtained by substituting the experimental data into Eq. (3), which is generally used in two-fluids model:
Here, a I is the interfacial area concentration, ρ C the density of the continuous phase, i.e., the liquid phase in slug flow, u R (= j G /α − j L /(1-α)) the relative velocity between the gas and the liquid phases. In the present study, the slug flow is assumed to be constructed from a liquid slug section with dispersed small bubbles and a large bubble one. Here, the large bubble (or the small bubble) is defined as a bubble whose length is longer (or shorter) than the pipe diameter. The interfacial friction force, F i , for slug flow is calculated from
Here, ρ L is the liquid density, L s /L t the length ratio of the large bubble to the total of the liquid slug and the large bubble, C Db and C Ds the drag coefficient for small bubbles in the liquid slug and that for large bubble. a Ib and a Is the interfacial area concentrations per unit volume in the small bubbles in the liquid slug and that for large bubbles, were determined similarly to TRAC-PF1/MOD1 code (11) by Eq. (5). ), was determined from d i , the mean value of the major and the minor diameters of each bubble, as described in detail by Kawahara et al. (15) . α b and α s , D b and L s /L t were evaluated by Tsubone et al.'s correlations (9) , (16) as follows: 
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Here,
) the Morton number. Figure 2 shows experimental results of the drag coefficient, C Ds , against the large bubble Reynolds number, Re s (=ρ L u R D s /μ L ), in 5 and 9 mm i.d. pipes. A common trend is seen that C Ds at a fixed j L decreased with increasing of Re s , and C Ds for Gl is much smaller than that in PLE and W. This suggests that C Ds should be correlated with the other non-dimensional parameters than Re s , affecting large bubble shape, as well as small bubble. As an effect of surface tension on C Ds , however, there is no clear difference between PLE and W. In addition, the present data are not well correlated by the TRAC-PF1/MOD1's correlation (11) for rigid sphere in higher Re s region. The correlation will be appeared as Eq.
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Drag Coefficient
. increasing of j L at a fixed j G , due mainly to the increases in the interfacial area concentration and/or the relative velocity between the gas and the liquid phases. F i in Gl flow in Figs. (a) and (c) was higher than that in water flow because the interfacial area concentration in liquid slug section, a Ib , in Eq. (4), is quite higher in Gl flow than in water flow due to highly crowded smaller bubbles in the liquid slug section in Gl flow (16) . In addition, F i in PLE flow in Figs. (b) and (d) is a little higher than that in water flow. This is presumably caused by the higher interfacial area concentration in the liquid slug section and in the large bubble section in PLE flow, a Is and a Ib , respectively, because of higher void fraction and smaller bubbles in both sections (16) .
Interfacial Friction Force
Correlations of Drag Coefficient
Familiar correlations of the drag coefficient in slug flow, such as RELAP5/MOD2 code (10) and TRAC-PF1/MOD1 code (11) which are the representative thermal-hydraulic codes based on the two-fluids model, are briefly described at first, then as a trial their applicability to the present data is described. Then, a new correlation is proposed based on the present data. In RELAP5/MOD2 code, the drag coefficient for the large bubble, C Ds , is calculated by: Here, the correlation for 0.1031 < Re s ≤ 989 was proposed by Schiller and Naumann (19) ( )
Here, D h is the hydraulic diameter of the channel. In addition, the small bubble diameter, D b , is calculated as follows:
Here, We b , the Weber number of the small bubble in bubble flow, is given as 7.5. (10) , TRAC-PF1/MOD1 code (11) . The RELAP5/MOD2 code and the TRAC-PF1/MOD1 code considerably over-predicted the present data, especially in a lower drag coefficient region, regardless of the test liquid and 
/σ) is the Etövös number for the large bubble. In Eq. (19), five non-dimensional parameters, selected from various parameters commonly used in two-phase flow researches, were used because of their non-negligible dependence on C Ds . The applicability of Eq. (19) is supposed to be limited within the present experimental range, i.e., 1.
×10
-6 and 0.34 ≤ β ≤ 0.99. The five non-dimensional parameters in Eq. (19) include surface tension, σ, so the total surface tension effects on C Ds is evaluated by decomposing these parameters and turn out to be proportional to σ -0.0293
. Since surface tension in PLE is 0.6 times of that in W, but density and viscosity are almost the same between them, C Ds calculated from Eq. (19) is 1.015 times larger in PLE than in W, being nearly the same C Ds between PLE and W. This trend of calculation agrees well with the present experimental data as mentioned in Section 3.1. Figure 4 (c) compares the drag coefficient between the present experimental data and the calculations by Eq. (19) , and the agreement between them is confirmed to be almost within ±100 % except for some data. Table 3 shows assessment results for 3 correlations of drag coefficient in slug flow. 
Examinations of Interfacial Friction Force Calculations
In the present examination, in addition to C Ds correlations in RELAP5/MOD2 and TRAC-PF1/MOD1 codes, Eq. (19) are tentatively incorporated in these codes to calculate the interfacial friction force, F i , as the modified versions of these two codes. Furthermore, relatively new F i calculation method by TRACE code (20) and Tomiyama et al. (21) , and the present new F i calculation method using Eq. (4), along with Eqs. (5) - (10) and Eq. (19) , are also tested against the present F i data. Table 4 shows an assessment result of the above 7 F i calculation methods in slug flow. The calculations by RELAP5/MOD2 code and TRAC-PF1/MOD1 code could not predict well the present data. The modified versions of RELAP5/MOD2 code and TRAC-PF1/MOD1 code, in which the correlation of C Ds alone was replaced by Eq. new F i calculation method showed the best prediction for the entire the test liquid and the pipe i.d., though ε RMS is a little larger than that by TRACE code. Therefore, the present new F i prediction method together with TRACE code are worth examining against additional data, which will be obtained under different experimental conditions, in order to justify their applicability to wider conditions.
Conclusions
In order to clarify the effects of liquid viscosity and surface tension on the two-phase flow parameters in slug flow in vertical small diameter pipe, experiments were conducted using 9 and 5 mm i.d. circular pipes as the test pipe and water, Gl and PLE as the working liquid in the liquid and the gas volumetric flux ranges of 0.1 ≤ j L ≤ 2.0 m/s and 0.1 ≤ j G ≤ 22 m/s. The property ranges of the test liquids were 0.042-0.071 N/m in surface tension, 0.797-19.6 mPa·s in viscosity, and 996-1184 kg/m 3 in density. The parameters studied include the drag coefficient and the interfacial friction force respectively for the liquid slug section and the large gas bubble section. From the comparison of the experimental data among the respective liquids and the assessment results of correlations in literatures as well as the present one against the present data, the followings have been clarified. With increasing of liquid viscosity, the drag coefficient for the large bubble decreased at a fixed large bubble Reynolds number, and the interfacial friction force increased at fixed j G and j L . With decreasing surface tension, the drag coefficient is almost unchanged, but the interfacial friction force increased a little. Regarding the drag coefficient for large bubble in slug flow, in comparison with the correlations in TRAC-PF1/MOD1 code and RELAP5/MOD2 code, the present new correlation composed of 5 non-dimensional parameters could agree well with the experimental data. The interfacial friction force could be best predicted by the present new method by Eq. (4), along with Eqs. (5) - (10) and Eq. (19) for the drag coefficient correlation for the large bubble.
